Abstract Forest fragmentation results in a loss of forest interior and an increase in edge habitat. As a result, these changes may affect the bird species distribution and composition. We studied how understorey bird community composition and habitat variables changed along an edge-to-interior gradient in a fragmented lowland rainforest in Peninsular Malaysia. Birds and environmental variables were recorded at each of the 93 sampling points distributed along the 14 parallel transects that were systematically placed across the gradient of distance from the forest edge to the forest interior. Species composition was different along the edge-interior gradient, although only a few species were strictly confined to either edge or interior habitat. Based on bird-habitat associations along the edgeinterior gradient, some of these edge-preferred species occurred in high numbers at the matrix surrounding the patch. In contrast, the interior-specialist group, mainly terrestrial insectivores, avoided the forest edge and was positively associated with humidity, canopy cover, the number of dead trees, percentage of litter cover, and depth of the litter layer. Species endemic to the Sunda subregion were more abundant in the interior of the forest. From a conservation perspective, forest remnants in the lowlands of Peninsular Malaysia that have a deep leaf litter layer, dense canopy cover, high number of dead trees, and high relative humidity are able to support understorey bird species that are sensitive to edge effects. The forest has important conservation value even though it is fragmented and isolated.
Introduction 2 Materials and methods

Study site
The study area is located within 3°00.00 0 N to 3°02.20 0 N and 101°37.90 0 E to 101°40.00 0 E, approximately 20 km southwest of Kuala Lumpur, Malaysia. It is a 1,248-ha isolated tropical lowland rainforest of the Ayer Hitam Forest Reserve. The Ayer Hitam Forest Reserve is surrounded by highways and housing, making it an isolated patch of forest in the middle of modern infrastructure and society of the multimedia super corridor (Fig. 1) . It was originally about 3,500 ha in area but then decreased to 1,248 ha in 1997 due to the development. This forest reserve was selected because it is the only fragmented lowland patch of natural habitat left in the densely populated area for now and for generations to come (Varasteh Moradi et al. 2008) . 
Bird sampling
The distance sampling point count method (Buckland et al. 2001 ) was used to survey the understorey bird species from 07:30 and 10:30 h for a period of 10 min (Marsden et al. 2001 ) from December 2006 and July 2008. The 14 parallel transects were systematically placed across the gradient of distance at approximately 25 m from the forest edge toward the interior forest with 200-m intervals (to minimize the risk of counting the same individual twice) (Antongiovanni and Metzer 2005) . Data were collected at each of the 93 sampling points along the 14 transects (Fig. 2) ; i.e., ''Distance 1'' refers to the 14 points closer to the edge (25 m from the forest edge), ''Distances 2, 3, and 4'' the next three sets of 14 sampling points at 200, 400, and 600 m far from the forest edge, ''Distance 5'' 13 sampling points 800 m far from the forest edge, ''Distance 6'' 11 sampling points 1,000 m far from the forest edge, and ''Distance 7'' 13 sampling points farthest (about 1,200 m) from the forest edge. To avoid time-of-day biases, the points were visited in reverse order on different visits. Birds occurring within 25-m fixed radius of each station were recorded because it was often not possible to identify species past this distance (Watson et al. 2004 ).
Only species sighted within the point count area were recorded as present. Vocalizations were used to locate birds and to aid identification.
Habitat sampling
At the same bird sampling points, 20 microhabitat and microclimate variables were recorded within a 25-m radius (Castelletta et al. 2005) . The variables recorded were as follows: light intensity, temperature, shrub cover, percentage of shrub cover between 0.5 and 2 m in height, ground cover, humidity, distance from the forest edge, number of palm trees, canopy cover, slope, leaf litter cover, number of trees with dbh of 30-50 cm, number of dead trees, basal area, percentage of shrub cover between 2 and 6 m in height, number of trees with dbh of 10-20 cm, number of trees with dbh of 20-30 cm, number of trees higher than 10 m in height, leaf litter depth, and number of Melastoma sp. shrubs. These latter two species were chosen because they are among the most abundant trees and shrubs in Ayer Hitam Forest Reserve.
Data analyses
Density estimates were determined using the DISTANCE Software version 5.0 by Thomas et al. (2006) . Differences in total number of individuals, species, and diversity between the seven different distances from the forest edge were tested by general linear models (GLM), to compensate for differences in sample sizes. Hill's diversity measures (Hill 1973) were used to examine the relationship between distance gradient and species diversity. These include Simpson diversity index, Simpson evenness index, N 0 (which examines the total number of species but is sensitive to rare species), and N 2 (which is the reciprocal of Simpson's index and emphasizes dominance). An analysis of similarity (ANOSIM), using CAP 4.0 (Seaby et al. 2007) , was performed to test the patterns of species composition among the seven different distances from the edge. ANOSIM procedure is a nonparametric permutation test that is analogous to an ANOVA for similarity matrices (Clarke and Warwick 2001) to test whether predefined classes differ in mean similarities/dissimilarities. A similarity percentage (SIMPER) analysis was also used to examine the contribution of each bird species toward differentiating the seven distances from the forest edge.
Canonical Correspondence Analysis Software (CCA; version 4.5) by ter Braak and Š milauer (2002) was employed to examine the relationship between the understorey bird species and habitat variables along the edge-to-interior gradients. The significance of the CCA was calculated using the Monte Carlo permutation test with 499 permutations.
Results
Diversity and abundance
During the study, a total of 2,263 observations from 72 species, representing 48 genera and 19 families, were recorded (Appendix. 1). Understorey bird species diversity differed substantially among different distances from the forest edge (Table 1) . Distance 1 possessed the highest value of N 0 (GLM, F 6, 69 = 6.17, P = 0.000), which represents the total number of species but is sensitive to rare species. This distance category also had a significantly lower value of the Simpson evenness index, Simpson diversity index, and a higher number of dominant species than the other distances (K-W, H 6, 69 = 25. 27, P = 0.000, H 6, 69 = 13.14, P = 0.041, and GLM, F 6, 69 = 2.84, P = 0.018, respectively). In contrast, the interior sites (distances 6 and 7) had significantly higher values of evenness and diversity (K-W, H 6, 69 = 25.27, P = 0.000 and H 6, 69 = 13.14, P = 0.041, respectively).
Among the 72 understorey bird species in Ayer Hitam Forest Reserve, seven showed a significant difference in the numbers observed in relation to distance from the edge ( Table 2 ). Five understorey bird species for which abundance was significantly higher close to the edge were Striped Tit-Babbler Macronous gularis with the highest number of observations at distance 1 (K-W, H 6, 92 = 19.18, P = 0.004), Fluffy-backed Tit-Babbler Understorey bird species 379
Macronous ptilosus with the higher number of observations at distance 2 (K-W, H 6, 92 = 17.10, P = 0.009), Plaintive Cuckoo Cacomantis merulinus with the highest number of observations at distance 1 (K-W, H 6, 92 = 13.52, P = 0.041, Cream-vented Bulbul Pycnonotus simplex with the highest number of observation at distance 1 (K-W, H 6, 92 = 48.17, P = 0.000), and Yellow-vented Bulbul Pycnonotus goiavier with the highest number of observations at distance 1 (K-W, H 6, 92 = 61.87, P = 0.000). Two understorey species for which abundance increased significantly with increasing distance from the forest edge were Short-tailed Babbler Malacocincla malaccensis with the higher number of observations at distances 6 and 7 (K-W, H 6, 92 = 15.11, P = 0.019) and White-rumped Shama Copsychus malabaricus with the highest number of observations at distance 3 (K-W, H 6, 92 = 15.69, P = 0.016).
Density estimates
At the species level, the understorey bird species exhibited different patterns of density across the distance gradient. Notably variable in density were Red-eyed Bulbuls Pycnonotus brunneus (10.21 ± 10.93 individuals/ha at distance 7 and 0.00 individuals/ha at distances 2 and 6), Yellow-vented Bulbuls (9.44 ± 2.59 individuals/ha at distance 1 and 2.54 ± 0.87 individuals/ha at distance 6), Striped Tit-Babblers (9.62 ± 3.23 individuals/ha at distance 1 and 2.54 ± 0.87 individuals/ha at distance 6), Cream-vented Bulbuls (12.93 ± 5.47 individuals/ha at distance 1 and 0.00 individuals/ha at distances 5 and 6), Fluffy-backed Tit-Babblers (4.56 ± 2.07 individuals/ha at distance 2 and 0.00 individuals/ ha at distances 5 and 6), Short-tailed Babblers (2.70 ± 0.58 individuals/ha at distance 7 and 0.87 ± 0.44 individuals/ha at distance 1), Plaintive Cuckoos (0.40 ± 0.13 individuals/ ha at distance 1 and 0.00 individuals/ha at distance 5), and Maroon Woodpeckers Blythipicus rubiginosus with 0.73 ± 0.25 individuals/ha at distance 7 and 0.12 ± 0.08 individuals/ha at distance 1 (Appendix 2).
Species composition patterns
Analysis of similarity showed that for understorey birds, there were some variations with different distances from the edge (Table 3 ; Fig. 3 ). There was significant difference between distance 1 and distances 2, 3, 4, 5, 6, and 7 (P = 0.00). Furthermore, distance 2 was significantly different from distance 7 (P = 0. 033). The forest edge (distance 1) was dominated by Yellow-vented Bulbuls, Striped Tit-Babblers, and Cream-vented Bulbuls (SIMPER, percentage of contribution to similarity of 32.9, 27.4, and 12.7, respectively), some of which occurred at extremely high densities (see above). While at distances 2, 3, 4, and 5, the dominant species were Striped Tit-Babbler (SIMPER, percentage of contribution to similarity of 18.8, 19.5, 21.2, and 22.6, respectively). The forest interior, distances 6 and 7, was dominated by the Short-tailed Babbler (SIMPER, percentage of contribution to similarity of 22.6 and 28.8, respectively), Striped Tit-Babbler (SIMPER, percentage of contribution to similarity of 13.8 and 24.6, respectively), and Greater Racket-tailed Drongo Dicrurus paradiseus (SIMPER, percentage of contribution to similarity of 13.8 and 7.8, respectively).
Bird-habitat associations
Canonical Correspondence Analysis Software results indicated a strong relationship between the habitat variables and the abundance of the dominant understorey avian species. The first two axes explained 57.7 % of this (i.e., 39.6 %), which worked out as 22.85 % of the understorey bird species variation, as explained by the first two axes. The species-environment correlations for the first two axes were 0.91 and 0.72, respectively (Table 4) . The CCA ordination biplot separated the understorey birds into two groups, namely Group A (Short-tailed Babbler, Black-caped Babbler, Banded Woodpecker, Moustached Babbler, Bronzed Drongo and White-rumped Shama) in the positive direction with the distance from the forest edge at the left side of ordination diagram, and Group B (Yellowvented Bulbul, Cream-vented Bulbul, Striped Tit-Babbler, Fluffy-backed Tit-Babbler, Zebra Dove, Magpie Robin, and Buff-vented Bulbul) in the negative direction with distance from the forest edge at the right side of the ordination diagram. The ordination biplot indicated that Group A was positively correlated with humidity, leaf litter percent, leaf litter depth, number of dead trees, and canopy cover (hereafter interior-specialist group). On the contrary, Group B was positively correlated with ground cover, light intensity, shrub cover, temperature, and percentage of the shrub cover between 0.5 and 2 m in height (hereafter edge-specialist group) (Fig. 4) .
[Up-triangle symbols represent bird species; Arrows represent directions of greatest change of variables. Environmental variables: (LUX) light intensity, (TEM) temperature, 
Discussion
The relative abundance of each species along an edge-to-interior gradient was compared in order to understand how edge-to-interior gradient affects the bird species composition, Fig. 4 Ordination diagrams of the first two axes of CCA for dominant understorey bird species and habitat variables at the Ayer Hitam Forest Reserve richness, and diversity. Understorey birds inhabiting the forest edge or the forest interior in an isolated tropical forest patch responded to microenvironmental changes in a diverse and complex manner. Species diversity differed substantially with distance from the forest edge. Forest-interior habitat exhibited higher species diversity indices than forest edge. Based on our observations, the high values of the Simpson diversity index, Simpson evenness index, and the number of dominant species in the interior habitat were probably due to higher canopy cover, higher number of tall and big trees, and higher number of palm trees. Edge habitat had the highest total number of species (N 0 ), which was mainly due to the higher shrub cover and light intensity. N 0 examines the total number of species, but it is sensitive to rare species. Controlling for the effects of rare species on diversity index values, all diversity indices increased along the edge-to-interior gradient, which is consistent with previous studies, which showed that species diversity of understorey birds is highly sensitive to the forest edge and forest disturbance (Stouffer and Bierregaard 1995; Sekercioglu et al. 2002) . Several studies have reported declines in wren babblers (genera Napothera, Kenopia, Ptilocicbla), Black-capped Babbler, Black-throated Babbler, Short-tailed Babbler, Magpie Robin, Siberian Blue Robin, and Hooded Pitta at the forest edge (Lambert 1992 , Varasteh et al. 2008 and are thought to be intolerant of high temperatures and high light intensity (Zakaria et al. 2002) . This shade-preferring group of birds (Varasteh et al. 2008 ) tends to occupy a special microhabitat with high humidity, deep leaf litter layer, and dense canopy cover. Furthermore, they may avoid edges because they tend to have specialized diets, narrow ranges of environmental tolerance, and use specialized microhabitats that are not available at the forest edge (Lindell et al. 2004) . One reason for edge avoidance could be the loss of a sheltered understorey in large sections of the forest edge, which could affect the food supply for these birds. As an unwillingness to enter or even to cross open habitats is a well-documented feature of many understorey insectivores (Borges and Stouffer 1999; Develey and Stouffer 2001) , it seems likely that the increased canopy openness close to edge (Barlow et al. 2002; Haugaasen et al. 2003 ) was sufficient to limit the movement and dispersal of most insectivorous understorey birds associated with forest interior, especially terrestrial insectivores. Food supply for birds has been shown to vary with fragment size as a result of edge effects, because invertebrates, especially surface dwellers, are prone to desiccation and may not survive well in edge habitat, which is often warmer and drier than the forest interior (Zanette et al. 2000) . Arriaga-Weiss et al. (2008) reported that the arboreal birds are usually associated with secondary vegetation and tolerate a wide range of microclimate conditions. Their abundance also generally reflects the amount of understorey vegetation and its associated with microclimatic conditions (Johns 1991) . Arboreal birds, such as bulbuls, are known as colonizer or secondary species and are common in disturbed areas (Nordin and Zakaria 1997) . This is an extremely important distinction; species that live primarily in the matrix may only use forest at the edge; they may even be creating problems for forest-interior species as they may compete for food resources and even to act as predators or parasites (Brush Cuckoo). The extremely high-population densities of Short-tailed Babbler and Striped Tit-Babbler, which are among the highest ever documented in a tropical forest bird community (Sodhi et al. 2004) , may competitively overwhelm other species in the same niches either through aggressive exclusion from some resources or through simple exploitative competition. The bulbuls that were abundant at the edge are thought to tolerate high temperature and light intensity (Zakaria et al. 2002) . It should be noted, however, that some species showed no evidence for an edge effect due to microhabitat variables, as these species did not have their variance explained by habitat variables at either edge or interior Understorey bird species 385 sites. One possible explanation for this is that they were mapping onto some unmeasured resources such as food.
Conservation implications
Our results suggested that understorey birds can be divided into two ensemble categories:
(1) forest interior-specialist species that used the interior habitats preferentially and tended to avoid the edge and (2) forest edge-specialist species that appeared to largely avoid the interior (except for the Striped Tit-Babbler). Edge specialists are mostly species that also occur in the matrix surrounding the patch; conserving them may not be necessary, and if some of these species are declining or endangered, they can perhaps be managed better in the matrix surrounding the forest patches. Interior-specialists, on the other hand, especially terrestrial insectivores, should receive the most attention in the conservation of forest areas. These species reflect the habitat quality of the forest interior and their disappearance may be an indication of habitat degradation within an isolated forest. They are highly sensitive to perturbation and are often the most vulnerable to edge effect. From a conservation perspective, forest remnants in the lowlands of Peninsular Malaysia that have a deep leaf litter layer, a dense canopy cover, high number of dead trees, and high relative humidity are able to support understorey bird species that are sensitive to edge effects. Based on the findings reported herein, we would recommend that large lowland forest remnants, with a low proportion of edge, be conserved in Peninsular Malaysia, so that these species (and other biodiversity) can persist. We further caution against any further development plans for this particular forest that might cut down on optimal forest-interior conditions by building roads or opening recreational facilities within the forest preserve.
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